Introduction
Cardiovascular and cerebrovascular diseases caused by AS are the leading causes of death. The formation of foam cells is not only one of the early signs of AS but also a key step in the genesis and development of AS. The main reason for the formation of foam cells is imbalances in the inflow and outflow of cholesterol within macrophages. Therefore, promoting lipid efflux from macrophages might be an effective way to inhibit foam cell formation and delay the occurrence and development of atherosclerotic lesions. RCT is defined as the transport of cholesterol from peripheral tissues and cells to the liver for further metabolism and involves cholesterol efflux from cells such as macrophages and vascular smooth muscle cells to acceptors outside of cells such as HDL. 1 The development of ways to promote RCT has recently become the new focus of anti-AS research.
HDL is mainly synthesized by hepatocytes and can be used as the most promising target for regulating RCT. However, results from a series of clinical trials of CETP inhibitors showed that the elevation of HDL results neither in better clinical prognosis 2, 3 nor in greater function 4, 5 in the promotion of RCT. These data suggested that the increased HDL in plasma does not necessarily reflect the increased capacity of RCT. 6 Therefore, researchers reached a consensus that the prebeta HDL is the major acceptor for cholesterol efflux, which mainly consists of poorly lapidated ApoA-I and is seldom present in plasma. 7 β 3 -AR was discovered in the 1980s and is mainly expressed in white adipose tissue and BAT, but it has also been detected in the heart, brain, lungs, and liver. 8 Activation of β 3 -AR modulates the thermogenesis of BAT and lipid metabolism in white adipose tissue. Moreover, the Trp64Arg polymorphism in β 3 -AR is associated with abdominal obesity and insulin resistance. 9 Our previous study showed that β 3 -AR activation can significantly ameliorate lipid metabolism disorders, increase plasma HDL levels, and decrease the atherosclerotic plaque area of the thoracic aorta in ApoE -/-mice, 10, 11 which suggested that β 3 -AR activation promotes RCT and ameliorates AS. However, the precise mechanism underlying this effect of β 3 -AR activation needs further exploration. Therefore, in this study, we aimed to study the effect of β 3 -AR activation on the expression of ApoA-I, the major component of HDL, in HepG2 cells and to elucidate the underlying mechanism and its possible influence on cholesterol efflux from macrophage foam cells.
Materials and methods Materials
FBS, DMEM, P/S, trypsin, HepG2 cell lines, and RAW264.7 cell lines were purchased from Gibco (Grand Island, NY, USA). BSA and PMSF were obtained from Amresco (Solon, OH, USA). BRL37344 (β 3 -AR agonist), SR59230A (β 3 -AR antagonist), GW9662 (2-chloro-5-nitro-N-phenylbenzamide), adio-immunoprecipitation assay (RIPA) lysis buffer, and 10× Tris buffered saline Tween-20 (TBST) (pH 8.0) were purchased from Sigma-Aldrich (St Louis, MO, USA). Acetylation-LDL (ac-LDL) (used for lipid loading) and primers were purchased from Invitrogen (Carlsbad, CA, USA). The cell counting kit 8 (CCK-8) assay kit was obtained from Dojindo Laboratories (Kumamoto, Japan). The RNA extraction kit was purchased from Tiangen Biotechnology Co., Ltd (Beijing, China). The RNA reverse transcription (PrimeScript™ RT Reagent Kit) and RT-PCR kits (SYBR ® Premix Ex Taq™ II) were purchased from Takara Bio (Shiga, Nagano, Japan). ELISA kits for ApoA-I, ApoA-II, ApoB, and β 3 -AR, as well as the BCA protein assay kit, were purchased from Promega (Madison, WI, USA). The TC and FC enzymatic assay kits were purchased from Wako Chemicals USA (Irvine, CA, USA). [ 3 H] cholesterol was purchased from Amersham (Arlington Heights, IL, USA). Antibodies against ApoA-I, ApoA-II, ApoB, β 3 -AR, PPARγ, PPARα, ABCA1, ABCG1, and GAPDH were purchased from Abcam (Cambridge, MA, USA). Goat antirabbit and antimouse secondary antibodies were purchased from Tiandeyue (Beijing, China). The SDS-PAGE Gel Preparation Kit and nitrocellulose membranes were purchased from Beyotime Biotechnology Co., Ltd (Beijing, China). ECL solution was purchased from Millipore (Boston, MA, USA).
culture and treatment of hepg2 cells
HepG2 cells were cultured in DMEM supplemented with 10% (v/v) FBS and antibiotics (100 μg/mL penicillin G and 100 μg/mL streptomycin) under 5% CO 2 at 37°C. The medium was changed every other day, and the cells were passaged when they reached 70%-80% confluence, followed by seeding in six-well plates at a density of 1×10 5 cells/L. For the β 3 -AR agonist (BRL37344) and antagonist (SR59230A) activity assay, the cells were treated with Drug Design, Development and Therapy 2017:11 submit your manuscript | www.dovepress.com
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β 3 -adrenoceptor activation upregulates apoa-i expression in hepg2 cells various concentrations of the β 3 -AR agonist and antagonist for various durations as described in the "CCK-8 assay for the determination of cell viability" section. The optimum concentration of BRL37344 and SR59230A and the duration of the treatment were then selected and used to treat the HepG2 cells. After 24 h of HepG2 cell treatment, the supernatants were collected by centrifugation at 12,000× g for 10 min at 4°C and used for the subsequent experiments.
culture and treatment of raW264.7 macrophages cells RAW264.7 macrophages were cultured in DMEM supplemented with 10% (v/v) FBS and 25 mM d-glucose in a humidified incubator at 37°C under 5% CO 2 . Upon attaining 60%-70% confluence, the cells were seeded in 24-well plates at a density of 1×10 5 cells/L. Next, the β 3 -AR agonist and antagonist activity assays were conducted as described in the "CCK-8 assay for the determination of cell viability" section. Twenty-four hours later, the cells were washed with PBS three times and incubated with ac-LDL (50 μg/mL) for 24 h for lipid loading. Oil Red O staining was performed to verify the establishment of the model. After lipid loading, the RAW264.7 cells were treated with the supernatants from HepG2 cells that were treated with BRL37344 or SR59230A for another 20 h. [12] [13] [14] ccK-8 assay for the determination of cell viability
For determining cell viability, 1×10 3 cells/well were seeded in 96-well plates overnight under 5% CO 2 at 37°C. The cells were then exposed to BRL37344 or SR59230A at concentrations of 0, 10 -5 , 10 -6 , 10 -7 , 10 -8 , 10 -9 , and 10 -10 mol/L for 6, 12, 24, and 48 h. The supernatants were then collected from the cells, and 10 μL of CCK-8 solution was added to each well, followed by incubation at 37°C for 3 h. The OD values were then measured at 450 nm. Finally, 10 -5 or 10 -6 mol/L BRL37344 and 10 -6 mol/L SR59230A were chosen as the optimum concentrations for the treatment of the HepG2 cells. elisa assay for apoa-i, apoa-ii, apoB, and β 3 -ar levels in the hepg2 cell supernatants
The media from the cultures of the HepG2 cells were collected and centrifuged at 15,000× g for 8 min at 4°C to obtain the supernatants. Next, 96-well plates were blocked with 10 mg/mL BSA in PBS after coating with primary antibodies at 37°C for 1 h. The plates were then rinsed with PBS three times and incubated with 100 μL of the HepG2 cell supernatants for 2 h at 4°C. Finally, goat antirabbit antibody was added and the cells were again incubated at room temperature for 45 min. Twenty minutes later, stopping buffer was added and the plates were read at 450 nm.
enzymatic assay for Tc, Fc, and ce levels in the macrophage foam cells
The foam cells from each group were washed twice with PBS, and the cells in each well were added with 1 mL distilled water into centrifuge tubes for sonication. Ten microliters of the samples were reserved for the determination of protein concentration, and 500 μL of the sample and 2 mL of chloroform and methanol mixture were mixed and shaken thoroughly. This mixture was then centrifuged at 15,000× g for 5 min at 15°C. Next, 1 mL of the solution from the lower compartment was transferred to another centrifuge tube for vacuum drying. The lipid was then dissolved in 100 μL of isopropanol containing 10% Triton X-100. Enzymatic assay kits were used to determine the TC and FC concentrations; CE was determined as the difference between TC and FC.
Measurement of cholesterol efflux
For determining the cholesterol efflux of the lipid-loaded RAW264.7 cells, RAW264.7 cells were incubated with 0.2 μCi/mL [ 3 H] cholesterol and 50 μg/mL ac-LDL in DMEM for 24 h. After washing twice with PBS, the cells were cultured with the supernatants from the HepG2 cells for another 20 h. The supernatants of the RAW264.7 cells were then collected and centrifuged at 15,000× g for 10 min at 4°C, followed by washing twice with PBS. The cells were then lysed with 0.5 mol/L NaOH, and the [ 3 H] radioactivity of cholesterol in the supernatants and cell lysates was determined using a liquid scintillation counter. Cholesterol efflux rate was calculated as the ratio of radioactivity in the supernatant/(supernatants + cell lysates) ×100%.
rna extraction and analysis
To determine the mRNA concentrations of ApoA-I, ApoA-II, ApoB, and β 3 -AR in the three HepG2 cell groups, total RNA was extracted from the cells using Trizol and RNA quality was determined using NanoDrop ® 2000. cDNA was then reverse-transcribed from the total RNA using the PrimeScript™ RT Reagent Kit with the gDNA eraser. RT-PCR was then performed using the RT-PCR detection system (ABI7500) with 10 μL of 2× SYBR ® Premix Ex Taq™ II master mix, 0.5 μL each of forward and reverse primers, 2 μL cDNA, and 5 μL deionized water. The conditions were as Table 1 .
Protein extraction and Western blot
The HepG2 and macrophage foam cells were collected and washed with precooled PBS three times and placed on ice. Next, 10 μL of 0.1 M PMSF was added to the cells before protein extraction, and 1 mL of RIPA was added to every 1×10 7 cells. The cells were then incubated on ice for 20 min and centrifuged at 13,000× g for 20 min at 4°C. The supernatants were then collected into sterile eppendorf (EP) tubes, and total cellular protein concentration was determined using the Bio-Rad protein assay reagent. Protein concentration was adjusted using RIPA, and the proteins were separated by SDS-PAGE and transferred to a nitrocellulose membrane run at 300 mA for 1-2 h. The membrane was then blocked with 3% BSA-TBST for 30 min and incubated with antibodies against ApoA-I, ApoA-II, ApoB, β 3 -AR, PPARγ, PPARα, ABCA1, and ABCG1 diluted with 3% BSA-TBST (1:1,000 or 1:2,000) at room temperature for 10 min and then overnight at 4°C (GAPDH was used as a control). The membrane was then washed with TBST five times (3 min each time) and then incubated with goat antirabbit and goat antimouse antibodies (diluted to 1:1,000 using TBST). Finally, ECL was added to the membrane for 3-5 min; the membrane was then allowed to develop for 2 min and fixed. Images were analyzed with the ChemiDoc XRS system using the Quantity One Software (Bio-Rad; Hercules, CA, USA), and the results were expressed as protein/GAPDH ratio.
statistical analysis
All data were expressed as mean ± SEM. Statistical significance between more than two groups was analyzed using one-way analysis of variance (ANOVA) (Bonferroni's correction was used for post hoc t-test for comparison between two groups). P,0.05 was considered statistically significant.
Results effect of β 3 -ar activation on the concentrations of apoa-i, apoa-ii, apoB, and β 3 -ar in the hepg2 cell supernatants
The concentration of ApoA-I significantly increased after BRL37344 treatment (BRL37344 group) and significantly decreased after SR59230A treatment (SR59230A group) compared to that in the control group (P,0.01). In contrast, the ApoA-II level in the BRL37344 group was significantly lower compared to that in the control (P,0.05) and the SR59230A (P,0.05) groups. ApoB levels were not significantly different between the three groups (P.0.05). Compared with the control group, the BRL37344 group showed significantly higher β 3 -AR levels (P,0.01), while the SR59230A group showed significantly lower β 3 -AR levels (P,0.01, Figure 1 ). effect of β 3 -ar activation on the mrna and protein expressions of apoa-i, apoaii, apoB, and β 3 -ar in the hepg2 cells
Results from RT-PCR analysis showed that, compared with the control group, the BRL37344 group showed significantly higher ApoA-I mRNA expression (P,0.01) and the SR59230A group showed significantly lower ApoA-I mRNA expression (P,0.01). In contrast, ApoA-II mRNA expression in the BRL37344 group was significantly lower compared to that in the control group (P,0.01) and the SR59230A group (P,0.01). However, ApoB mRNA expression was not significantly different between the three groups (P.0.05). β 3 -AR mRNA expression in the BRL37344 group was significantly higher (P,0.01), while that in the SR59230A group was significantly lower (P,0.01) compared to that in the control group (Figure 2) . Results from the Western blot also showed similar trends (Figure 3 ). Results from the Western blot showed that BRL37344 treatment significantly elevated PPARγ (P,0.01) expression but not PPARα expression, whereas SR59230A treatment had the opposite effect (P,0.01). Moreover, compared with the control group, the BRL37344 group showed significantly elevated ApoA-I protein expression (P,0.01). The upregulation of ApoA-I protein expression by BRL37344 was significantly impeded by GW9662 (a PPAR antagonist) (P,0.01, Figure 4) . effect of treatment with supernatants of hepg2 cells treated with the β 3 -ar agonist on the Tc, Fc, and ce levels and cholesterol efflux of macrophage foam cells
Compared with the supernatants of the control HepG2 cells, the supernatants of the BRL37344-treated HepG2 cells significantly reduced the intracellular levels of TC and CE but increased the FC levels in the lipid-loaded RAW264.7 cells. However, direct administration of BRL37344 or SR59230A showed no effect on the lipid-loaded RAW264.7 cells (Figure 5A-C) . This result indicated that β 3 -AR activationinduced secretions in HepG2 cells, and not the direct action of the β 3 -AR agonist, might promote cholesterol-mediated efflux from the macrophages. Cholesterol efflux rates also significantly increased in the macrophages treated with supernatants from the BRL37344 group (P,0.01, Figure 5D ) compared to that in the other groups.
effect of hepg2 cell supernatants on the protein expression of aBca1 and aBcg1 in macrophage foam cells
Results from Western blot showed that treatment with the supernatants of the BRL37344-treated HepG2 cells significantly upregulated ABCA1 protein levels in the lipid-loaded RAW264.7 cells but had no effect on the protein expression of ABCG1. However, again, direct treatment of the lipidloaded RAW264.7 cells with BRL37344 or SR59230A showed no effect on the protein levels of ABCA1 and ABCG1 ( Figure 6 ).
Discussion
β 3 -AR is considered as a receptor that mediates metabolism in the adipose tissue. 15 Previously, Cypess et al 16 showed that the RMR in healthy young male subjects with detectable BAT increased by ~13% after acute treatment with high doses of the β 3 -AR agonist, mirabegron, which suggested that BAT might be activated by the β 3 -AR agonist. Since β 3 -AR activation was found to have effect on fat metabolism, we proposed that β 3 -AR activation might influence lipid metabolism and AS. In recent years, we performed a series of experiments and discovered that a β 3 -AR agonist impedes the progression of AS in ApoE -/-mice through improvement of lipid and glucose profiles. 10, 11 Further studies revealed that serum HDL levels in ApoE -/-mice significantly increased after β 3 -AR activation. 11 In this study, we showed that β 3 -AR activation in HepG2 cells upregulated ApoA-I expression and further promoted the lipid efflux from RAW264.7 macrophage foam cells. Our results indicated that β 3 -AR activation might play a favorable anti-AS role, which is consistent with our previous studies.
ApoA-I is mainly synthesized in the liver and intestine, is the major component of HDL (~60% of all HDL is ApoA-I), and acts as the main acceptor of cholesterol efflux from cells to HDL. 17 Francis et al 18 found that lipid-free ApoA-I promotes cholesterol efflux from cells. Increased serum ApoA-I levels in patients with metabolic syndrome can also enhance cholesterol efflux and ameliorate AS development. 19 Lipidfree ApoA-I, which is a component of small HDL, is gradually converted into lipid-rich mature and large HDL particles as lipid efflux from cells to ApoA-I and is transported to the liver for further metabolism. 20 Therefore, it is important to find an effective approach for increasing endogenous ApoA-I expression in order to promote lipid efflux from macrophages -6 mol/l Brl37344; high-dose Brl37344 group: hepg2 cells treated with 10 -5 mol/l Brl37344; gW9662 group: hepg2 cells treated with 10 μmol/l gW9662 only; sr59230a group: hepg2 cells treated with 10 -6 mol/l sr59230a; and low-dose Brl37344 + gW9662 group: hepg2 cells with 10 -6 mol/l Brl37344 and 10 μmol/L GW9662 treatment. Statistically significant differences are indicated (compared with control group, *P,0.01; **P,0.05). Abbreviations: apo, apolipoprotein; gaPDh, glyceraldehyde-3-phosphate dehydrogenase; PPar, peroxisome proliferator-activated receptor; rT-Pcr, real-time Pcr. to inhibit foam cell formation and delay the occurrence and development of atherosclerotic lesions. In this study, ApoA-I expression was found to be upregulated after β 3 -AR activation in HepG2 cells; this result is consistent with the results reported by Shi et al, 21 which indicated that treatment with a β 3 -AR agonist significantly increases ApoA-I concentration in the plasma and ApoA-I mRNA and protein expressions in the liver of ApoE -/-mice. PPARα/γ belong to the PPAR superfamily and are mainly involved in regulating fat cell differentiation and fat tissue formation. A previous study by Schuster et al 22 revealed that tesaglitazar, a dual PPARα/γ agonist, dose-dependently increases the serum concentrations of ApoA-I in subjects with insulin resistance. The presence of a PPRE in site A of the ApoA-I promoter could be the reason for the stimulation of ApoA-I gene transcription upon activation of both PPARα and PPARγ. 23 In this study, we found that PPARγ protein levels were significantly increased upon treatment with the β 3 -AR agonist, BRL37344, but PPARα protein expression was not significantly changed. We also discovered that the increase in ApoA-I expression induced by β 3 -AR activation was abolished by treatment with a PPARγ antagonist, GW9662, which suggested that the upregulation of ApoA-I in HepG2 cells by β 3 -AR activation might involve a PPARγ-dependent pathway. Our results are in line with a previous report by Du et al, 14 which indicated that activation of PPARγ is required for 4010B-30, a novel molecular upregulator, to induce hepatic ApoA-I gene expression.
ApoA-II is the second most abundant protein in HDL. 24 However, so far, studies on the effect of ApoA-II on RCT are few, and the results have been controversial. One previous study by Kido et al showed that ApoA-II might inhibit cholesterol efflux to HDL. 25 In contrast, several other studies have shown that ApoA-II might have no influence on RCT. [26] [27] [28] The results of our present study showed that β 3 -AR activation can decrease ApoA-II expression. Based on our results for ApoA-I and ApoA-II expressions, we believe that ApoA-I and ApoA-II might play opposite roles in RCT.
The TC content is the sum of the FC and CE in foam cells. FC is the most common form of cholesterol in RCT. The uptake of cholesterol outflow by cells occurs in the form of FC. The inflow and outflow of cell cholesterol are dynamically balanced under physiological conditions, but under some pathological conditions, the uptake of cholesterol into cells exceeds its outflow; the excess FC is then esterified into CE and deposited into cells, which results in foam cell formation. 29 In our study, we found that CE was significantly decreased in macrophage foam cells treated with β 3 -AR-activated HepG2 cell supernatants, and the cholesterol efflux rates were increased. The results suggested that supernatants from β 3 -ARactivated HepG2 cells could prompt lipid efflux from macrophage foam cells, which increased the FC efflux, decreased the CE content, and prevented foam cell formation.
ABCA1 is a highly conserved transmembrane glycoprotein, which belongs to the ATP-binding cassette transporter protein superfamily. The research by Du et al 30 revealed that both lipid-free and poorly lipidated ApoA-I and small HDL particles promote cholesterol efflux in an ABCA1-dependent pathway. Thus, ABCA1 plays an important role in mediating RCT. In the early stages of foam cell formation, ABCA1 expression is upregulated, which, in combination with ApoA-I, mediates cholesterol efflux to maintain intracellular lipid homeostasis. 23 However, ABCA1 is downregulated during foam cell formation, which leads to decreased cholesterol A previous study revealed that binding of ApoA-I to ABCA1 can increase the concentration of ABCA1 in macrophage-derived foam cells, mainly through the prevention of ABCA1 degradation. 31, 32 A possible mechanism underlying this effect might be that PKC is activated by the interaction of ApoA-I with ABCA1, 33 which can further decrease the phosphorylation of threonine residues at 1286 and 1305, a region that directs calpain proteolysis, in ABCA1 and increase its stability. [33] [34] [35] Apart from this, the activation of PKC can also modulate ABCA1 gene transcription and expression. 36 PKCmediated activation of PI3K and Ras/MAPK pathways 35 could also activate PPARα, 32 PPARγ, 37 and LXR 38 through phosphorylation and can further up-or downregulate ABCA1 expression. The binding of ApoA-I to ABCA1 has also been shown to promote cAMP production, thereby activating protein kinase A and further increasing ABCA1 mRNA expression in mouse macrophages. 35 Our present study showed that ABCA1 was upregulated in the macrophage foam cells treated with supernatants from the BRL37344 group, which suggested that the increase in ABCA1 might have occurred in an ApoA-I-dependent way and might further promote cholesterol efflux. We also found that the levels of ABCG1 protein were not significantly different between the groups, which suggested that the increase in ApoA-I levels had no influence on ABCG1 levels. Moreover, this result was consistent with the results from previous studies that lipid efflux mediated by ABCG1 is mainly to HDL rather than to ApoA-I.
39,40
Conclusion
Our study showed that activation of β 3 -AR in HepG2 cells can upregulate ApoA-I expression, possibly in a PPARγ-dependent way. This elevated ApoA-I expression, in turn, promotes the cholesterol efflux of macrophage-derived foam cells through an ABCA1-related pathway. However, the precise mechanisms through which β 3 -AR regulates ApoA-I expression need further investigation and will be evaluated in our future work. One limitation of this study is that the effect of the supernatants from BRL37344-treated HepG2 cells on cholesterol efflux might have been influenced by many other factors in the supernatants; this issue will be addressed in our future research. Based on our current findings, we believe that β 3 -AR activation can be a potential strategy for use in anti-AS therapies in the future.
